Electrical switching has been observed in carefully designed metal-insulator-metal devices built at small geometries. These devices are also commonly known as memristors and consist of specific materials such as transition metal oxides, chalcogenides, perovskites, oxides with valence defects, or a combination of an inert and an electrochemically active electrode. No simple physical device has been reported to exhibit electrical switching. We have discovered that a simple point-contact or a granular arrangement formed of metal pieces exhibits bipolar switching. These devices, referred to as coherers, were considered as one-way electrical fuses. We have identified the state variable governing the resistance state and can program the device to switch between multiple stable resistance states. Our observations render previously postulated thermal mechanisms for their resistance-change as inadequate. These devices constitute the missing canonical physical implementations for memristor, often referred as the fourth passive element. Apart from the theoretical advance in understanding metallic contacts, the current discovery provides a simple memristor to physicists and engineers for widespread experimentation, hitherto impossible. 
I. INTRODUCTION
Leon Chua defines a memristor as any two-terminal electronic device that is devoid of an internal power-source and is capable of switching between two resistance states upon application of an appropriate voltage or current signal that can be sensed by applying a relatively much smaller sensing signal 1 . A pinched hysteresis loop in the voltage vs. current characteristics of the device serves as the fingerprint for memristors. Despite the simplicity of symmetry argument that predicts the existence of memristor 1,2 , no simple physical device behaving as a memristor has been observed so far and thus considered to be non-existent 3 .
Current memristor implementations use specialized materials such as transition metal oxides, chalcogenides, perovskites, oxides with valence defects, or a combination of an inert and an electrochemically active electrode.
On the other hand, coherer, invented by Edouard Branly [4] [5] [6] in the 19th century, in its many embodiments such as ball bearings, metallic filings (also referred to as granular media)
in a tube or a point-contact exhibits an initial high-resistance state and coheres to a lowresistance state on the arrival of radio waves. The device attains its original resistance state on being tapped mechanically. The first electrically reset-able coherer, comprising a metal-mercury interface and named as an auto-coherer, 7-10 did not require tapping and resets in the absence of radio waves. Although Bose observed that coherers demonstrate a pinched hysteresis I-V curve in the first quadrant (arguably the first such observation; Ref. Chua's memristive one-port 19 . The equation proposed by Eccles is being reproduced here:
Where c represents the current, ρ represents the resistance of oxide, represents the voltage, θ is the temperature of the oxide and other variables pertain to the setup mentioned in 17 . L and r refer to the resistance and inductance in series with the coherer.
Thus the existence of electrically-controllable multiple resistance-states, and the possibility of a memristive constitutive relationship was known over a century ago. Though no one (including Eccles and Bose) observed a pinched hysteresis in both the quadrant. In works related to coherer in the last decade, its bi-stability has been reported and its multi-stable behavior has been confirmed 16, 20 . A thermal mechanism, similar to numerous others proposed a century back, has been postulated to explain the resistance change. All these studies affirm the unidirectionality of the resistance value (which fatigues with time) and propose no method to electrically recover the older, higher resistance states of the device. On the other hand, autocoherer has been shown to exhibit diode-like rectifying properties 21, 22 . In the present work we have established, by uncovering hitherto unknown electrical properties of a set of coherer and autocoherer, that extremely simple devices show memristive properties. We have found that the coherer and the auto-coherer are electrically-controllable state-dependent resistors, the state variable being the maximum current flown through the device. We have, for the first time observed bipolar switching in these devices, wherein the device can indeed be programmed (electrically) to an older higher resistance state. The state-map of the resistance of the device vs. current is different for the two directions of the current (Ref . Fig 3(d) ), which allows to write and erase it as a memory. The programmed resistance of the device can be read by another characteristic signal of small amplitude. Analogous to the phenomena of a wire showing resistive properties, a coil being inductive, and a set of conducting plates separated by a dielectric exhibiting capacitance, we show that two convex metallic surfaces in contact are memristive in nature and work as a fully-functional resistive RAM (Refer Fig. 4 ).
It is worth discussing what causes the resistance switching. The cause could be existence of certain impurities or oxide at the interface or merely by the geometry of the interface.
We note, however, that no Metal-Insulator-Metal system containing just oxide and iron, or those built in a macro-dimension, has been reported to show memristive properties.
We analytically deduce that the switching in our devices cannot be due to the different mechanisms observed in oxide-based bipolar memristors. Based on our material setup and experimental observations, our best understanding is that the resistance switching is caused 4 by electric-field induced polarization at the interface of the metals (which may or may not contain impurities). This is discussed in detail in a later section. The paper makes the following contributions: This paper is organized as follows: Section II describes the constructions of three embodiments of the devices. These include those with a point contact between metals, a granular media assembly and a third comprising of a metal in liquid form. Section III describes in detail the electrical properties of these devices and their behavior under different electrical stimulations. Based on the observed behavior, we postulate an electrical model for the devices and identify the state-variable controlling the resistance change. In Section IV, we discuss the implication of our observations, hypothesize the physical mechanism governing the behavior of the devices and compare it with other memristor devices.
II. MATERIALS AND METHODS
The current section discusses the construction of the devices which can be accomplished in any simple undergraduate electrical engineering lab. We replicated three embodiments of the coherer and autocoherer: an Iron Filing Coherer (IFC), an Iron Chain Coherer (ICC),
and an Iron Mercury Coherer (IMC) (see Fig. 3(a-c) ) 23 . 
III. EXPERIMENTAL RESULTS
These devices were activated by different current-mode input signals in their non-linear mode, and their transient behavior was recorded. We found that the three devices show similar qualitative behavior and that the mercury-iron system does not function as a diode, as previously reported 21, 22 , but exhibits state-dependent resistance. All the observed behavior is common to the three devices. We have found that the devices exhibit three distinct behaviors: Cohering action, multi-stable memristive behavior, and bistable resistive RAM behavior.
A. Cohering Action
For any input current leading to a voltage below a specific threshold voltage, V th , the devices exhibit a high non-linear resistance and may be used for rectification. Whereas IMC readily shows a moderate non-linear resistance that can be used for demodulation, IFC and ICC require considerable adjustment to do so. Due to this, only the IMC has historically been used for demodulation. In this region, the device remembers the resistance it had earlier, and continues to exhibit the same. We call this region as the memory state.
At a current higher than I th , corresponding to a voltage V th , the resistance of the device falls sharply (Refer P1 transition in Fig. 4) , and the device exhibits lower conductance.
Once the device takes this new state, it maintains the said resistance on excitation by current values below I th as well. This is the well-known cohering behavior used for detecting electromagnetic waves. The device cannot be reset electrically to a resistance less than that shown at A2 (Ref. Fig. 4 ). Contrary to earlier observations, this behavior is also exhibited by IMC 21 .
B. Multistable Memristive behavior
Once cohered, the device exhibits a state-dependent resistance, the state variable being the maximum current (I max ), i.e. R t = f ([I max ] 0−t ). As the device is exposed to pulses of subsequently larger peak current (Refer Fig. 4 , 24 ), it sets itself to new resistance values.
The resistance remains non-linear, nonetheless. The maximum voltage across the device remains practically constant at V th . This behavior is akin to that of a diode, but unlike a diode the device remembers its changed resistance when taken to lower voltage levels. For input current pulses of same or lower amplitude than the maximum current experienced, the device shows hysteresis loops around the already-achieved resistance value, with small oscillations. In 16 , some of these behaviors have been observed for ICC.
C. Bistable Resistive RAM
We have found that the resistance of the device is a function of the magnitude of I max for either directions of current, but with a quantitatively different state-map, making it behave as a resistive RAM. This can be mathematically stated as:
=⇒ R p1 = R n1 (6) where R p1 is the resistance of the device when activated by a maximum current of I 1 in positive direction, and R n1 is the resistance when activated by a maximum current of I 1 in the negative direction. f (magnitude([I max+ ] 0−t )) implies the maximum current the device has experienced between time=0 and time=t. (Ref. Fig. 3) 8
When activated by any two-sided current input, the device gets programmed into one state in the positive cycle, and a different state in the negative cycle. It keeps oscillating between these two stable states, forming the famous eight-shaped pinched hysteresis loop in its V-I characteristics (Refer Fig. 4 ,  25 ). It has been established that If it is pinched, it is memristive. Pinched hysteresis loop is the fingerprint of a memristor 26 .
By using various stimuli with different maximum amplitudes on either sides, the device can be programmed to function in multiple stable resistance-states and move between them.
When used as a resistive RAM, the memory can be read in the "memory" state by providing an excitation of a small amplitude. This fulfill the conditions of Chua's definition of memristor, and qualifies the century-old coherer as a canonical implementation of a memristor.
IV. DISCUSSION
We have shown, through new results, that the century old coherer and auto-coherer function as a multi-state resistance RAM and is thus the canonic implementation of the elusive memristor. It intrigued the science of that era as much as memristor is exciting the scientists of the present day 27 . The present work shows that one does not require specific material or precise construction to implement memristors. It is a natural property of metallic point contacts. Note that there is another component called memistor which is an entirely different component and must not either be confused with coherer or memristor. It is rather an ill posed 3 terminal device 28, 29 There are certain differences between the behavior of coherers and other present day tion and behavior of our device doesnt fit those observed in oxide based memristors. The construction and mechanism of operation of oxide based memristors is discussed in detail in the review by Waiser 33 . One class of oxide based memristors switch unipolarly due to formation and melting of filaments thermally. This is similar to the explanation provided in coherer literature 6, 16 . Our memristor has bipolar switching and cannot be explained by a thermal process which is independent of current direction. Only the initial cohering action, akin to electroforming step reported in literature, may reasonably be explained by a thermal heating process.
Among bipolar oxide-based memristors, one class (Valence Change Mechanism) uses specific transition metal oxides or those with defects, whereas the other class has dissimilar electrodes (one active and one counter electrode) on the two sides of the oxides (or an electrolyte). In the latter case, the difference in the properties of the two electrodes leads to dependence on current direction. Our memristor has no explicitly introduced vacancy defects at the interface, doesnt require transition metal oxides and works perfectly well with the same metal across all contacts. Thus, its construction and behavior, put together, do not resemble any oxide based memristor configuration and behavior.
On the other hand, ferroelectric RAM containing a perovskite layer and nano-particle assemblies 32 are symmetric, and yet show bipolar resistance-switching caused by electric field induced polarization. We believe that the behavior of our device is similar and a result of polarization at the contacts formed between the metals. It is still open to investigate whether this happens due to the geometry at the contact or due to impurities. The same requires to be investigated through material analysis and microscopic studies.
Our new results show that bipolar switching can be observed in a large class of metals by a simple construction in form of a point-contact or granular media. It does not require complex construction, particular materials or small geometries. The signature of all our devices is an imperfect metal-metal contact and the physical mechanism for the observed behavior needs to be further studied. That the electrical behavior of these simple, naturally-occurring physical constructs can be modeled by a memristor, but not the other three passive elements, is an indication of its fundamental nature. By providing the canonic physical implementation for memristor, the present work not only fills an important gap in the study of switching devices, but also brings them into the realm of immediate practical use and implementation.
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The experiment was repeated with several metals, including aluminum and magnesium flakes and nickel and zinc-coated ball bearings. Qualitatively similar results as reported herein were observed in all these experiments.
24 Note that the resistance changes appreciably only when the maximum current through the device has changed. This can be seen through color correspondence, where each color shows a new stable resistance-state and the resistance transitions are marked by the first pulse of higher amplitude: P1, P2, P3, P4 and P5. In case the maximum current passed through the device does not change, the resistance feebly oscillates around the same value, as seen in the region of A1, A2, A3, A4 and A5. Furthermore, one may observe that the resistance remains fixed even when the amplitude of the pulse is decreased (A6) , since the maximum current has not changed.
25 It is worth noting that the transition in resistance value happens only when the polarity of the current is changed. For other pulses, the resistance remains constant. The device oscillates between two stable resistance-states for the same maximum current in opposite directions. It is evident by looking at regions depicted by A1 to A5 that the change in resistance happens at the first pulse of the transition. One may also note that these observations show recovery of resistance to a higher resistance state: A5 resistance is higher than A4 resistance. These results can be reproduced by careful experimentation for all the
